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Abstract Inductively coupled plasma mass spectrometry 
(ICP-MS) is used for phosphorus dbteimination in protein 
samples. A small amount of solid protein sample (down to 
1 lig) or digest (1-lO^L) protein solution was denatured 
in nitric acid and hydrogen peroxide by closed-microves- 
sel microwave digestion. Phosphorus determination was 
performed with an optimized analytical method using a 
double*focusing sector field inductively coupled plasma 
mass spectrometer (ICP-SFMS) and quadrupole-based 
ICP-MS (ICP-QMS). For quaUty control of phosphorus 
determination a certified reference material (CRM), single 
cell proteins (BCR 273) with a high phosphorus content 
of 26,8±0.4mgg-', was analyzed. For studies on phos- 
phorus determination in proteins while reducing the sam- 
ple amount as low as possible the homogeneity of 
BCR 273 was investigated. Relative standard deviation 
and measurement accuracy in ICP-^MS was widim 2%, 
3.5%, 11% and 12% when using CRM BCR 273 sample 
weights of 40 mg, 5mg, 1 mg and 0.3 mg, respectively. 
The lowest possible sample weight for an accurate phos- 
phorus analysis in protein samples by ICP-MS is dis- 
cussed. The analytical method developed was applied for 
the analysis of homogeneous protein samples in voy low 
amounts [1-lOO^g of solid protein sample, e.g. p-casein 
or down to 1 (iL of protein or digest in solution (e.g., tau 
protein)]. A further reduction of the diluted protem solu- 
tion volume was achieved by the application of flow in- 
jection in ICP-SFMS, which is discussed with reference 
to real protein digests after protein separation using 2D 
gel electrophoresis. 

The detection limits for phosphoms in biological sauries 
were determined by ICP-SFMS down to the ngg-' level. 
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The present work discusses the figure of merit for the de- 
termination of phosphorus in a small amount of protein 
sample with ICP-^FMS in comparison to IC3*-QMS. 
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Introduction 

Of special importance in life sciences is the determination 
of phosphorus, especially in protein samples. Phosphory- 
lation is probably one of the most biologically important 
modifications of proteins, and is implicated both in nor- 
mal physiology and in human disease, carcinogenesis, and 
aging [1, 2]. The relation of phosphorylation to many neu- 
rodegenerative diseases, including Alzheimer's disease, 
Parldnson's disease, etc., is recognized today. Interest in 
phosphorus determination focuses on the development 
and application of ^alytical methods for determining the 
total phosphorus content [3 , 4] in proteins or diffmnt spe- 
cies of this element [5, 6]. 

With its ability to provide very sensitive, accurate and 
precise multielement determinations of trace elements and 
of isotope ratios, inductively coupled plasma mass spec- 
trometry (ICP-MS) [7, 8. 9] has developed into one of the 
most important inorganic mass spectrometric techniques. 
One serious disadvantage of ICP-MS, which is the limit- 
ing foctor of this analytical method, is that a multitude of 
different isobaric interferences with atomic and molecular 
ions appear. The determination of phosphorus — as a mono- 
isotope element at mass 31 u — ^is disturbed especially by 
interferences of the following molecular ions '^N*^^; 
14^170-^; J^NifiQ^H* and ^osi^H*, fonned in an argon plasma 
and by expansion of plasma in the interface behind the 
sampler cone. For the separation of isobaric interferences 
of ^ip^with molecular ions a mass resolution <m/Am) bet- 
ter than 1500 is required. Furthennore, the phosphorus de- 
termination is disturbed by isobaric interferences with the 
double-charged atomic ion ^^Ni^. Therefore, the use of a 
double-focusing sector field ICP~MS (ICP-SFMS) at die 
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required mass resolution is advantageous for phosphorus 
determination in small sample amounts of any matrix. In 
addition^ phosphorus is a minor element with a mean con- 
centration of 1000|iggr* in the earth's crust (comparable 
with F or Mn). Due to the relatively high concentration in 
nature (in particular, in human tissue and fluids) thm is a 
great danger of contamination of protein sample with free 
pho^hates originating both from amtyient fluids or from 
laboratory environment including chemicals, etc. In order 
to avoid contamination during the sample preparation, 
closed-vessel microwave digestion of protein samples or 
direct samplings e.g. via laser ablation (LA), can be qi- 
plied. In addition, special separation procedures are often 
required to distinguish phosphorus in the object of interest 
from the phosphorus originating from the environment. 

Thus, in order to determine the degree of protein phos- 
phorylation Wind et al. [5] coupled. a capillary liquid chro- 
matograph to a sector field ICP-^S and applied the method 
to phosphoproteins, e.g. a- or P-casein. The potential of 
ICP-MS with a collision cell for phosphorus determina* 
tion m proteins and the determniation of the state of phos- 
phorylation of proteins was discussed by Baranov et al. 
[4]. Using a quadrupole ICP-MS (ICP-^MS) with dynamic 
reaction cell the authors analyzed phosphorus via the 
3ipi6Q* molecular ions and avoided isobaric interfo-ences 
at mass 31 u. However, new interferences at mass 47 u 
(e.g. *<2r^, i5Ni602* and others) must be considered; 
that means this analytical procedure failed with Ti-rich 
samples. 

LA-ICP-MS is able to determine P in solid samples 
directly without any sample preparation. Thus, Marshall et 
al. [10] described a new quantification strategy for phos- 
phoms determination in protein by LA-ICP-MS in elec- 
trophoresis gel blots. The method developed was £^lied 
to the phosphoprotein ^-casein with good detection levels 
[10, 11, 12]. 

Hie aim of this work is to develop microanalytical 
techniques usmg ICP-MS for the determination of phos- 
phorus concentration in smaU amounts of protein sample 
(down to an amount of 1 pg or a volume of 1 tryptic 
digest). Because the amount of protein sample is limited, 
special small sample preparation and measuranent tech- 
niques for the analysis of phosphorus will be investigated. 
The contamination problem has to be considered in mini- 
mizing the analytical techniques with microsampie han- 
dling. In order to determine the accuracy of the analytical 
method recovery studies were performed using certified ref- 
erence material single cell proteins (BCR 273) with a high 
phosphorus content of 26.8±0.4mgg"*. A further reduc- 
tion of liquid sample volume will be investigated by q>- 
plying microscale flow injection (jx-FI-ICP-MS). The ca- 
pability of ICP-SFMS at mass resolution m/Am'4000 vs. 
ICP-<^MS at low mass resolution (m/Am-SCX)) for phos- 
phorus determination of small protein samples will be 
studied. 



TatHel Optimized experimental parameters for ICP-SFMS (Ele- 
mcnl, Finnigan MAT^ and ICP-QMS (Elan 6000, PB Scicx) for de- 
termination of phosphorus In protein 



ICP-MS instmrnealatioii 


ICP-^FMS 


ICP-QMS 


Nebulizer type 


Microconcentiic 


MicromLst 


Spray chamber 


Teflon 


Minicydontc 


RF power (W) 


1250 


1200 


Oooliiiff flow rate (\ min'^^ 


18 


14 


Auxiliary gas flow rate (Lmin'') 


J.l 


1.4 


Nebulizer gas flow rale (Lmiir*) 


1.32 


0.7 


Sweq> gas flow rate (Lmin-') 


4.82 




Solution uptake rate (mLmiir*) 


0.0S 


0.24 


Ion extraction lens (V) 


2000 


66 


Mass analyser pressure (mbar) 


2x10^ 


3.2xa(h* 


Mass resohition (m/Am) 


4000 


300 


Analysis time (min) 


5 


5 


Number of nms 


6 


20 


Number ol Uodcs of nms 


5 


6 



Experbneiital 

Instrumentation 

A double-focusing sector-field ICP-MS (iCP-nSFMS, Element, 
Finnigan MAT, Bremen, Germany) at fixed mass resoliition 
(m/Am~4000) was used for the measurement of phosphorus con- 
centrations in protein samples. The ICP torch was shielded widi a 
grounded platinum electrode (GuardElectrode, Finnigan MAT). 
Aqueous sdutioB was introduced into the nebulizer in the flow-in* 
jcction mode using a peristaltic pump (Perimax 12, Spetec GmbH» 
Enling, Germany). For comparing measurements the quadrupole^ 
based ICP-tMS (ICP--QMS) Elan 6000, Perkin Elmer Sciex, 
Canada was applied. For the solution introduction of aqueous so- 
lution in ICP a microconcentric nebulizer (Micromist) attached to 
a minicyclonic spray chamber (both from Class Expansion, Cam- 
bcrwell, Victoria, Australia) and a tnicroco ncent ric low-flow neb- 
ulizer with men;ibrane desoWation (Aridtts, CETAC Technologies, 
Omaha, Nebraska, USA) were used. The experimental parameters 
of the analytical techniques used ore summarized in Table 1. 



Standards and reagents 

Subboiled nitric acid of supragrade purity from Merck (Damistadi, 
Germany) was used for sample digestion. Phosphorus standard 
stock si^ution for the calibration procedures was obtained from 
Merck (Damistadt, Germany). For all dilutions deionized Milli-Q 
water (18 MO) was obtained from a Millipore Milli-Q-P)us water 
purifier. 

Certified reference material (C3(M) BCR-273 (single cell pro- 
teins with the certified P concentration of 26.8±0.4mgg'') from 
IRMM (Geel, Belgmm) was analyzed by ICP-5FMS and ICP- 
QMS in order to verify the analyliod techniques. 



ICP-MS measurement procedure 

Optimization of experimental parameters of ICP-MS was per- 
formed with respect to the majdmal ion Intensity of ^^F* using a 
1 L~' phosphorus solution introduced by the Micromist nebulizer. 
Ailer digestion of phosphoiylated peptide and protein samples in a 
microwave vessel with concentrated nitric acid and dilution the 
phosphorus concemration was determined using different ICP-MS 
techniques by extenud calibration. Microconcentric nebulizer 
*'AiidDs^ was only attached to ICP-8FMS for deteimmation of phM- 
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phorus in proleins, whcD san^lc quantity was limited, because it 
provided iUgher sensitivity (by about two to three times) at lower 
solution uptake rale (by three times) in oomparison to Micromist 
nebulizer. The combined uncertainly of concentration was calcu- 
lated according to Ref. [13] taking into account standard deviations 
of the measured intensity, background and unceilainty of calibra- 
tion curve. 



Samples 

The phosphorus concentration was detennined In Or and P-casein. 
(from Sigma, Deisenhofen, Germany, with unknown P concentra- 
tions) and in a casein mixture from Merck (with a phosphorus con- 
lenl between a8 and 0.9%) by ICP-MS. Furthermore, cryoglobu- 
lin and i^sphorylaled proteins were analyzed after protein sepa- 
ration. The 2D-gel electrophoresis of cryoprotcins was described 
by Tlssot et al.fl41. Several protein samples were analyzed after 
separation by 2D-gel electrophoresis and in gel digestion with 
trypsin (Progctna, Mannheim, Germany). TLis standard sample 
preparation procedure was used for protein Identification via or- 
ganic mass spectromeuic techniques f 151 for subsequent phos- 
phorus determination via ICP-MS. Phosphorus determination was 
also performed using the developed analytical methods for I |ig of 
human tau protein (Sigma; from E, coU). 



Sample preparation 

Durinjg the preliminary investigation it was revealed that the small 
quantities of protein samples arc inclined to be absoriscd on vessel 
and Tube walls, which resulted in lum-reproducible sample losses. 
To digest veiy small amounts of protein sample down to 1 (ig sam- 
ple weight 10^ concentrated nitric add was added to the vessel 
containing the sample and digestion was performed for lOmin at 
room temperatuxe, and after that the sample was dissolved with 
lOOitLMOIi-Q water. 



Results and discussion 

Development of analytical method for phosphorus 
deteiminaticm in small amoimts of protem sample 

The most frequently used ICP mass spectrometers world- 
wide are quadrupole-based instruments, therefore some 



measurements were performed by ICP-QMS. It is well 
known that the determination of phosphorus in any aque- 
ous solution and also in digested and diluted protein sam- 
ples by quadrupole-based ICZP-MS is quite difficult due to 
the high background and iilterference problems at mass 3 1 u. 
The background in ICP-QMS depends on the concentra- 
tion of nitrogen in the samples, i.e. on HNO^ concentra- 
tion. A linear calibration curve for phosphorus in the 
range of 10 to \W\igLr^ was obtained with regression 
factor of better than 0.998 when using HNO3 concenua- 
tion range up to 2%. 

Advantageous for the determination of phosphorus is 
the ^plication of a double-focusing sector field ICP-MS 
in order to separate disturbing molecular ions from atomic 
ions of analy te. Hgure 1 shows part of a mass spectrum at 
mass 31 u measured at a mass resolution of m/Am=4000 
using the ICP-SFMS "Element" from Finnigan MAT 
when measuring 1 \lgL'^ phosphorus solution in 1% nitric 
acid. The P ions are clearly separated from '^N'^O*^ and 
*^N**0*H"^ ions, which allows accurate phosphorus deter- 
mination in protein samples (with only correction of blank 
resulting from phosphorus impurities in the chemicals 
used). 'The detection limit of phosphorus determined in 
high-purity water using the 3 a criterion (the detection 
limit is given by SObCp/Ip where Oi, the standard deviation 
of six independent measurements of the blank value, Ip 
die measured ion intensities in standard solution with 
known phosphoms concentration Cp) was 20ngL'' in ICP- 
SFMS. In contrast, the detection limit in ICP-QMS was 
found to be 18 ^gL'* (in ICP-SFMS background ion in- 
tensities at mass 31 u are: 200 cps vs ICP-QMS: 5000 cps). 
In protein samples the detection limits are some orders of 
magnitude higher due to dilution after digestion and higher 
background intensity. In respect of protein analysis the 
background equivalent concentrations for phosphorus were 
determined to be 420ng g-< and 350[lggr' for ICP-SFMS 
and ICP-QMS, respectively. 

In order to verify the accuracy of the analytical method 
developed for small sample sizes a CRM BCR 273 with a 



Flg.l P determination in pro- 
tein samples by ICP-SFMS: 
mass spectnmi at mass 31 u, 
mass resoluiion: m/Anv«4000 
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Table 2 Results of phosphonis detennioalton in single cell pro- 
tein (CRM BCR 273) 





ICP-QMS 




ICP-SFMS 






Measured 


RSD 


Measured 


RSD 




value* 


(n=^*») 


value* 






(ragg-') 


(%) 


(mgfirO 


(%) 


40 mg 


27.1 


2.0 






5mg 


27.8 


3.5 


24.6 


3.0 


Img 


28.6 


11.3 


27.5 


11.1 


0.3 mg 


30.1 


12.1 


24.7 


9.4 



■Cenlfied vahic 26.810.4 rag g-' 

^ is the number of measurements including separate sample di- 
gestions 



certified P concentration of 26,8±0;4 mg g"* was analyzed. 
The recommended sample size of BCR 273 is relatively 
high at 500 mg due to possible inhomograeity of sample 
(and also of phosphorus). In the ideal case, the size of the 
reference sample used for quality assurance should corre- 
spond to the size of the analyzed samples with unknown P 
concentration. Howevo*, significantly smaller samples are 
available when analyzing the phosphorus concentration in 
real protein samples. In order to find the minimal sample 
weight of CRM BCR 273 which still provides reliable re- 
sults the phosphorus concentration was measured in sam- 
ples with masses finom 40 rag down to 0.3 mg. The results 
of the determination of F using ICP-QMS and ICP- 
SFMS as a function of sample size are compared in Table 
2. The relative standard deviation (RSD) and measure- 
ment accuracy was within 2%, 3.5%, 11% and 12% (five 
independent measurements including five sample diges- 
tions for every sample weight wm poformed) when ana- 
lyzing CRM using ICP-QMS for sample sizes of 40 mg, 
5 mg, 1 mg and 0.3 mg, respectively. Similar RSD values 
were observed in ICP-^FMS. Thus, the main component 
of measurement uncertainty for small samples (1 mg and 
lower) was caused by sample inhomogeneity, compared 
with other sources of uncertainty (connected with uncer- 
tainty of the calibration curve of up to 2%, standard con- 
centration uncertainty of 0.4% for P> standard deviations 
of the measured intensity of less than 2%). This result 
confirms an increasing effect of inhomogeneity of phos- 
phorus in the certified reference material BC^ 273 on 
measurement precision and accuracy with decreasing 
sample size. An inhomogeneous P distribution in investi- 
gated CRM could be demonstrated by measuremoits us- 
ing secondary ion mass spectrometry (SIMS). 

Application of analytical techniques for phosphorus 
determination m small amounts of protein sample 

Tables summarizes the results of phosphorus detennina- 
tion in tau protein, ^asein and a casein mixture from 
Merck measured mainly by ICP-^FMS. Whereas only 1 ^g 
was available as the sample weight for different proteins, 
1 \iL solution volume of protein digest was investigated 



Table 3 Results of phosphorus determination in tau protein, ca- 
sein, phosphoiylated peptides and Mcm3 protein and DNA sam- 
ples mcasoied by ICP-SFMS 



Sample 


Molecular Weight 


Phospihonis 




weighl 


or 


concentration 




(Da) 


volume 


(gr') 


Tau protein 


78830 


l[iL 


(1.61±0.24)xl0-? 


Tau protein digest 






(2.32±0.23)xlO^ 


p-Ca.vein 


2S091 


•l^g 


(R.3±0.8)xlO-' 


P'Caseui digest 




l^L 


P.9±0.8)xlO-' 


a-Casdn 


24513 




(6.35±0.4)xlO-» 


a*Casein digest 




llU. 


(6,3Zt0.6)xl(H 


Casein mixture (Merck) 




lM8 


(13.3±1.3)xlO-» 


Peptide A"" 




440 ^g 


(6.4±0.6)xl0-' 


Pq>tide 




360^g 


(4.7±0.5)xl0-* 


McmS protein- 




3pg 

(in 30^) 


(o.3±ai)xio-' 


DNAY 




100 [iL 


(3.51±0,01)^ig^lL-^ 
(6.07±0.04)MgmL-' 


DNA IV 




lOO^L 



•Peptide A Bha>Y(P0jH2)TNASL 
Ghi-Asn-Asp-'iy(P03H2>-Thr-Asn-A]a-5er*ljeu 
^•Peptide B EPQY(P05H2)EE1PTYL 
Ghk-Pro-Gln-lVr(PQ}H2)-Glu-Ghi-Thr-Pro-Thr-Tyr-Leu 



using ICP-SFMS. All measured P concentrations are in 
the mg gr' range (except the casein mixture with a P con- 
tent of 1 .3%. The P concentration in a-casein at 6.35 mg g*' 
is slightly lower and P concentrations in p-casein and 
the casein mixture at about 8.3 mg gr^ and 13.3 mg g'* are 
slightly higher than expected from comparison with previ- 
ous results [3). Thus, Bandura et al. [3] measured phos- 
phorus content of 4.94molmol-^ and S.Smolmol"* for 
regular ^-casein and a-casein, respectively (resulting in 
6.1 mgg"^ for p-casein and 11.1 ragg-' for a-casein with 
account to protein masses given in Table 3). The results 
deviation could be due to the fact Chat different genetic 
modifications of caseins have different phosphorylation 
degree, and the material analyzed in the present work dif- 
fered fh>m diose studied in Ref. [3]. A lower phosphorus 
concentration was measured in tau protein, probably be- 
cause of a low extent of phosphorylation* although multi- 
ple phosphorylation sites have been identified for this pro- 
tein [15]. 

Furthermore, small sample volume of tryptic digests of 
brain protein samples were analyzed. Table 4 presents the 



Table 4 Results of phosphonis detemiination in protdn samples 
(Otyoglobulins, I )iL) afler 2D gel electrophoresis and trypsin di- 
gestion by ICP^FMS 



Somple 


Phosphonis weight 


Phosphorus 




(fi) 


concentration 




(gr') 


1 


(1.2±03)xl0-'0 


(6.0±1.5)xl0-' 


2 


(L82±0.27)xl0-"0 


(9.1±1.3)xl0-3 


3 


(1.59±0.24)xl0^«o 


(8.0±1.2)xl0-3 


4 


(1.95±0.30)xlO-'O 


(9.8±lJ)xlO-3 


5 


(X07±a31)xlO-»» 


(10.4±13)xl(H 
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results of phosphorus determination in phosphorylated 
peptides, protein Mcni3 and two DNA samples. The sam- 
ple weiglit varied between 3 and 440 ^g. The phospho- 
rus concentrations in two phosphorylated peptides were 
determined to be 0.64% and 0.47%, respectively. In the cell 
cycle regulation protein Mcm3, a phosphorus content about 
one order of magnitude lov/et was found. 

Application of flow injection for detemiination 
of phosphorus in proteins 

A further reduction of sample amount is possible by ap- 
plying microscale flow injection (n-Fl-ICP-MS) as de- 
scribed in Ref.[8]. For these measurements of transient 
ion signals a sample loop of 20 using an HPLC injec- 
tion valve was applied. IVansient signals of a lO^gLr^ 
20^gL-^ and 50 ^gL"* P solution (sample loop: 20^L, 
sample size: 200pg, 400pg and 500pg, respectively) 
were measured by ICP-iSFMS. The transient signals of 
phosphorus in protm solutions were measured with a 
precision (RSD of six replicates) of 3.9%, 3.2% and 2.6%, 
respectively. In comparison, a precision of L98% was ob- 
served for diluted CRM BCR 273 sample with a phospho- 
rus concentration of 6i0^gL-^ 

Figure 2 presents the flow injection diagram measured 
by ICP-SFMS obtained when measuring protein samples 
without digestion (sample 1) and after digestion (samples 
18 and 24). Only a stngb measurement with a sample loop 
of 20 was performed because of limited sample size. 
Sample 3 was diluted with 10% nitric acid, samples 4 and 
5 were digested with concentrated nitric acid for 10 min 
and then diluted with Milii-Q water. In the case of undi- 
gested sample (I) the phosphorus ion intensity increased 
slowly due to protein absorption on the tube walls. In ad- 
dition, casual peaks of phosphorus signal were obs^ed 
after the sample was consumed (during the washing time) 
due to the washout of absorbed proteins. These undesirable 
effects were significantly reduced when samples were di- 
gested fhus allowing repoducible results. 

We attempted to measure phosphorus in five different 
cryoglobulin samples separated by 2D gel electrophoresis 
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Fig. 2 Transient signal of phosphorus on protein (cryoglobulin) 
solutions measured by ICP-SFMS using flow injection (single 
measurement, $ample loop 20^L, P conoentFBtion nmfiL"'- 
33rogL-») 



and digested with trypsin. Due to a very low solution vol- 
ume of 1 |iL only the ICP-SFMS measurements were per- 
formed by flow injection v\1iereby the relative standard 
deviation between 14 and 25% is relatively high. The de- 
termined phosphorus weight in different samples was 
very similar and varied between L2xl0-^^ g and 2.07x 
lO"*® g. The measured phosphorus concentration in blank 
gel (without any protein spots) used for 2D gel elec- 
trophoresis was 0. 1 1 mg g~^ which corresponded to the 
phosphorus measured in cryoglobulin samples with ac- 
count to dilution factor during the sample preparation pro- 
cedure (about 1 ^g of gel from a spot containing cryoglo- 
bulin was used for analysis, resulting in about l.lxlO-'^g 
of phosphorus, which originated from the gel). The deter- 
mination of phosphorus in small protein samples like, 
cryoglobulins is extremely difficult due to the high P con- 
centration in cerebrospinal fluid, in the gel used and in 
trypsin. The analysis in such a small volume and also con- 
sidering the possible contamination during sample prepa- 
ration requires further careful investigations. 



Concliidons 

I CP-MS is a powerful trace analytical method for the de- 
termination of phosphorus in small amounts of biological 
samples. By apphcation of microanalytical techniques with 
ICP-MS using micronebulization it is possible to perform 
multielement analysis on protein samples down to 1 \ig. 
The most important problems are the inhomogeneity of 
standard reference materials and biological samples and 
possible contamination during sample preparation. It was 
demonstrated that sector field ICP-MS, and with certain 
reservations ICP-QMS also, yielded adequate results for 
small sample sizes. In general, ICP-SFMS with micro- 
nebulization can be recommmded as **analy tical protocol 
of choice** f<^ phosphorus analysis in small protein sam- 
ples. In the future 'Work, performance of ICP-QMS with 
collision cell will be studied for application in phosphorus 
analysis. 
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